Electrically conductive composite materials can be used for a wide range of applications because they combine the advantages of a specific polymeric material (e.g., thermal and mechanical properties) with the electrical properties of conductive filler particles. However, the overall electrical behaviour of these composite materials is usually much below the potential of the conductive fillers, mainly because by mixing two different components, new interfaces and interphases are created, changing the properties and behaviours of both. Our goal is to characterize and understand the nature and influence of these interfaces on the electrical properties of composite materials. We have improved a technique based on the use of sodium carboxymethyl cellulose (CMC) to disperse singlewalled carbon nanotubes (SWCNTs) in water, followed by coating glass substrates, and drying and removing the CMC with a nitric acid treatment. We used electron microscopy and atomic force microscopy techniques to characterize the SWCNT films, and developed an in situ resistance measurement technique to analyse the influence of both the individual components and the mixture of an epoxy/amine system on the electrical behaviour of the SWCNTs. The results showed that impregnating a SWCNT network with a polymer is not the only factor that affects the film resistance; air exposure, temperature, physical and chemical properties of the individual polymer components, and also the formation of a polymeric network, can all have an influence on the macroscopic electrical properties of the initial SWCNT network. These results emphasize the importance of understanding the effects that each of the components can have on each other before trying to prepare an efficient polymer composite material.
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Introduction
The potential of carbon nanotubes (CNTs) in many different elds has led to an exponential growth of interest in these materials over the past twenty years. 1 only their structure and size, but also their excellent mechanical, thermal, optical and electrical properties have widened the range of applications and scientic elds in which there has been an increased interest in understanding and exploiting them. [2] [3] [4] [5] [6] Single-walled carbon nanotubes (SWCNTs) in particular are gaining popularity due to their large aspect ratios, narrow diameter distribution, semiconductor properties and also their increasing availability on the market. These materials have been used to prepare thin conductive and transparent lms, [7] [8] [9] and also electrically conductive, 10 mechanically reinforced 11 or thermally conductive 12 polymer composites. Because SWCNTs exert strong van der Waals attractive forces, they are very difficult to disperse without the use of surfactants or other dispersion agents. [13] [14] [15] [16] Functionalization has proved to be efficient in increasing SWCNT dispersibility in different solvents or polymers. 17, 18 However, the process involves damaging the surface of the SWCNTs, which in turn affects their mechanical and electrical properties. Despite their potential and the numerous studies on SWCNTs, there are many unresolved issues when practical applications, such as electrically conductive composites, are concerned. These materials have not yet surpassed the efficiency of existing composite materials such as graphite or metal ber/ake reinforced polymers. 19, 20 Electrically conductive composites are typically prepared by dispersing SWCNTs, directly or with the aid of solvents, into a polymer. 10, 21 This approach has led to the preparation of inhomogeneous composites with poorly dispersed SWCNTs and low conductivity values, even though percolation thresholds as low as 0.001 wt% have been achieved. 10, [21] [22] [23] On the one hand, in order to obtain a good and stable dispersion of SWCNTs in a polymer, good compatibility between the two components is necessary. On the other hand, surrounding the conductive particles with an insulating polymer layer leads to individually insulated SWCNTs, dispersed throughout the polymer matrix. Such composites would either be insulators or have very low conductivities. This means that the contacts between the conductive particles inside a polymer matrix play a crucial role in the electrical properties of composite materials. Having a uniform SWCNT network, with good physical and electrical contacts within a polymer matrix, is a factor required for achieving good conductivities in composite materials.
Recently, a different approach was successfully used to obtain SWCNT/polymer composite thin lms 24 with sheet resistance (R S ) values in the range of 100-1000 ohm sq À1 . This technique involves two main steps: (1) preparing a uniform SWCNT thin lm on a glass substrate; (2) coating the SWCNT lm with a specic polymer followed by drying/curing the polymer and peeling the lm off the glass substrate. A free-standing composite lm is obtained in this way. This approach brings the advantages of rst having a SWCNT network with good physical and electrical properties, and then lling the gaps with the desired polymer. The idea is particularly appealing since it ensures good physical and electrical contacts between the SWCNTs, and allows a proper characterization of the network's properties before actually adding the polymer matrix. However, the inuence of the newly formed interfaces on the electrical properties of the polymer impregnated SWCNT network has not been studied in detail. We have adapted and improved the technique and designed a method for directly measuring and characterizing the inuence of the polymer matrix on the SWCNT network. The purpose of our study is to analyze how the polymeric network affects the electrical behaviour of the already existing SWCNT network.
Experimental

SWCNT lm preparation
All chemicals were used as received, without any further purication. Super high purity SWCNTs manufactured by the CVD method were purchased from US Research Nanomaterials, Inc. 0.1% solutions of SWCNTs were prepared by adding 10 mg SWCNTs as purchased and 300 mg of sodium carboxymethyl cellulose (CMC), 90 000 MW (C 28 H 30 Na 8 O 27 ), from Sigma Aldrich to 10 mL of distilled water. The solutions were kept cool in an ice bath while being sonicated for 15 minutes using a SONICS Vibra-Cell sonicator with a 6.4 mm tip diameter and 60% amplitude (as described by Li et al. 24 ). The solution was then centrifuged at 8500 rpm for 1 hour in a 1.5 cm diameter vessel, using a SIGMA 3-30K centrifuge and only the upper 80% of the supernatant was kept. The glass substrates were cleaned by immersion into a RCA cleaning solution (5 parts H 2 O, 1 part NH 4 OH, 30%, 1 part H 2 O 2 , 30%) without heating, le overnight and then rinsed with distilled water. Thin SWCNTs + CMC lms were deposited on 7 cm Â 7 cm glass substrates with a 30 mm gap doctor blade at a speed of 10 mm s À1 , using a COATMASTER 509 MC. The lms were then dried for 20 h in an oven at 45 C. The as-prepared samples were immersed into an acid bath (HNO 3 , 9 M) for 4 hours at 40 C, and thereaer taken out and dried at 45 C for 2 hours under vacuum. The samples were subsequently kept for 20 h at 150 C under vacuum for acid residue removal, and for two hours at 400 C in a nitrogen atmosphere for CMC residue removal. Thermogravimetric analysis (TGA) on pure CMC was performed using Q500 equipment, with a heating rate of 10 C per minute between 25-600 C both in air and nitrogen atmospheres.
SWCNT lm characterization
Sheet resistance measurements were performed using standard four point probe measurements with a 4 mm probe spacing. A Keithley electrometer model 6517A and source-meter model 237 were used to apply current and measure the resulting voltage drop. The results were converted to sheet resistance using correction factors for rectangular thin lms as shown by Smits et al. 25 Scanning electron microscopy (SEM) images were taken with a Quanta 3D FEG microscope and scanning transmission electron microscopy (STEM) images were acquired using a Titan electron microscope operated at 300 kV with a High Angle Annular Dark Field (HAADF) detector. Atomic force microscopy (AFM) was performed using a SOLVER NEXT in tapping mode, and a Veeco 150 Dektak prolometer (Bruker) was used for thickness measurements. Raman spectra were taken with a LabRAM confocal spectrometer (Horiba Scientic) with an excitation wavelength of 632 nm. Transmittance measurements were performed using a SHIMADZU UV-3102 PC spectrophotometer in the range of 350-700 nm.
Polymer impregnation
An epoxy/amine system was used as the polymer matrix. A bisphenol A based epoxy resin (Epikote 828, Resolution Nederland BV) with an equivalent weight (eqw) per epoxide group of 187 g mol À1 , and Jeffamine D-230 (Huntsman Holland BV) with an NH-eqw of 60 g mol À1 were chosen as the model system. The polymer was prepared by mixing the two components at a 1 : 1 epoxy/amine ratio (based on an epoxy group/NH equivalent), using a RCT basic IKA magnetic stirrer for 5 minutes at 700 rpm for 5 minutes, followed by 3 minutes degassing in a BRAN-SON 1510 ultrasonic cleaner. The mixture was then coated onto the SWCNT lm using a 60 mm gap doctor blade, and cured in an oven at 100 C for 4 hours. Contact angle measurements on the SWCNT lms were performed at room temperature using an OCA 30 System.
In situ resistance measurements
The previously prepared 7 cm Â 7 cm SWCNT lms on glass substrates were cut to sample sizes of 2 cm Â 3.5 cm. An EMITECH K550 sputter coater at a current of 20 mA was used to deposit two 1 cm wide gold electrodes on each sample, leaving a 1.5 cm uncovered strip across the width of the samples (example in Fig. 6 ). A VOLTCRAFT VC840 multimeter was connected to the gold electrodes and a computer to enable in situ resistance measurements on each sample to be performed. The polymer was manually applied on the uncovered area of the SWCNT lm while the resistance was being measured.
Results and discussion
SWCNT lm preparation and characterization
In the rst part of our research, SWCNT lms were prepared using a technique adapted from Li et al., 24 from a water solution of SWCNTs dispersed with CMC.
The water was then removed by drying in an oven while the CMC was removed by nitric acid treatment, followed by several temperature treatments (45 C, 150 C and 400 C) for the subsequent removal of acid and CMC residues. The prepared lms (see the experimental section) were characterized by SEM and TEM aer each step of the process to ensure the complete removal of CMC residues, and the nanometer and micrometer scale homogeneity of the SWCNT lms. The majority of the CMC from the lms was removed aer the acid treatment. However, islands of CMC residue and also structures similar to polymer wrapping of SWCNTs [26] [27] [28] were visible under SEM and TEM measurements, respectively (Fig. 1b, c and e ). Because the TGA results showed that CMC degrades between 250-300 C, the samples were also subjected to a 400 C nal thermal treatment, during which the remaining CMC residue was fully removed ( Fig. 1d and f) . The samples were also subjected to four-point probe measurements aer each of the thermal treatment steps to monitor the evolution of the lms' sheet resistance. Aer drying at 45 C and 150 C all of the lms had a sheet resistance (R S ) of R S ¼ 200-250 ohm sq À1 and 300-500 ohm sq À1 , respectively, suggesting that the water and nitric acid were gradually removed from the lms. The nal 400 C treatment of the lms led to a sheet resistance of R S ¼ 1000-1500 ohm sq À1 . This last step had the double purpose of removing the remaining CMC residue from the network but also of removing the p-type doping effect 29 of the remaining nitric acid adsorbed into the SWCNT network.
Raman spectra taken of the pristine SWCNTs and the lms aer the nal thermal treatment show an increase in the intensity of the D-band, generally associated with the amount of defects in SWCNTs 30-32 (Fig. 2) , when compared to the intensity of the G-band. The I G /I D ratio drops from 27 for the pristine material to 16 for the treated SWCNTs, which could be due to a shortening of the tubes during ultrasonication, or the introduction of some defects during the nitric acid treatment. Even if some damage occurred to the SWCNTs during the preparation procedures, the quality of the materials remained high. 33, 34 The thickness of the lms was determined by scratching the lms and measuring the height prole across the scratch with a prolometer. Even if the initial SWCNTs + CMC lms had thicknesses of approximately 500 nm, aer removing the CMC they were reduced to 20-40 nm ( Fig. 3a and b ). AFM measurements were consistent with the prolometer measurements and showed a cross-section roughness of approximately 40 nm ( Fig. 3c-e ). AFM, SEM and prolometer measurements all revealed a uniformly dispersed SWCNT network with several large ropes of entangled SWCNTs at the surface. These ropes at as high as 100 nm formed at the surface of the lms, most likely during the acid treatment where the tubes at the surface had the freedom to rearrange themselves into a more stable conguration.
Polymer impregnation
The second part of our research focused on impregnating the SWCNTs with a polymer. Li et al. 24 used the SWCNT lms to deposit a layer of polymer on top of the lms, and aer drying or curing, peeling-off the lms from the glass substrates. Assuming that the polymer fully penetrated the SWCNT network, the free standing lm obtained contained a SWCNT network embedded on one side of the polymer lm. For most of the polymers they tested, the free-standing lms had an up to 10 times lower sheet resistance on the bottom side of the lm. We focused on impregnating the SWCNTs with an epoxy/amine polymer system (Epikote 828 and Jeffamine D-230 (ref. 35) ). Droplets of the epoxy/amine uncured mixture and the individual components were added onto the SWCNT lm to determine whether the polymers had sufficient compatibility with the SWCNTs to fully impregnate the lm. Contact angle measurements showed that even if the epoxy resin had a contact angle of 97.4 , the polymer mixture (75.7 wt% epoxy resin) had a contact angle of 30.2 , which is much closer to the value of the amine alone of 14.7 (Fig. 4) . The fact that the contact angle of the uncured mixture dropped from 30.2 to 13.3 within the rst 2 minutes, indicated that the polymer had already started to inltrate into the SWCNT network at room temperature. A free standing composite lm was prepared by coating a SWCNT lm (R S ¼ 698 ohm sq À1 ) with a 60 mm thick lm of the polymer mixture. Aer curing the polymer at 100 C for 4 hours, the lm was peeled off the glass substrate and a free standing composite lm with a sheet resistance of the bottom side of the lm of R S ¼ 4200-4800 ohm sq À1 was obtained, which is consistent with previous results. 24 SEM images taken of the bottom side of the peeled-off lm show domains of plain polymer in areas with SWCNTs sticking out of the polymer matrix (Fig. 5 ). The inhomogeneity of the lm surface may be a major cause of the decrease in the lm resistance measured on the bottom side. However, previous experience with similar CNT-polymer composites [36] [37] [38] prove that no matter what the polymer is, the CNTs are far from reaching their maximum potential (that of the pure CNTs) once they are inside a polymer matrix. This may also be due to the different natures of the interfaces and interphases formed when mixing two different components. However, measuring the resistance of the bottom side of a peeled- off lm makes it virtually impossible to know the resistance of the SWCNT network alone aer embedding it into the polymer.
In situ resistance measurements during polymer impregnation
In order to have direct access to the SWCNTs aer embedding them into a polymer matrix, and to be able to measure the resistance of the network during polymer impregnation, and even during the curing process, we developed a system that allowed us to perform in situ resistance measurements. For this purpose, two gold electrodes were applied via sputtering onto two opposite edges of the SWCNT lm. These electrodes were connected to a multimeter to allow direct measurement of the lm's resistance while the polymer was subsequently added (Fig. 6 ). Because the electrodes were in direct contact with the SWCNT network before polymer impregnation, and the entire lm area between them was fully covered by the polymer, the resistance measured between the two electrodes was the resistance of the SWCNT network before, during and aer polymer impregnation. The same system can be used to analyze the inuence of the individual components of the epoxy/ amine polymer mixture on the SWCNT network by applying only one component at a time and comparing the results with the overall effect of the polymer mixture.
SWCNTs are known to be highly sensitive to different gas exposures 39, 40 which can cause signicant changes in their electronic and transport properties due to chemical doping. 41 The adsorption of different gas molecules on the surface of the nanotubes can modulate the carrier concentrations by generating a surplus or a deciency of valence electrons and implicitly modifying the CNTs' electrical behaviour. The dopant component can act as an electron donor (n-type doping) or electron acceptor (p-type doping). Studies have shown that a SWCNT lm held under vacuum at room temperature can have a 15% decrease in resistance upon air exposure, 42 while exposing unpuried SWCNTs to humid air aer heating them up to 350 C can lead to an up to 4 fold decrease in resistance. 43 Other researchers support the hypothesis that the adsorption of gas molecules changes the value of the Schottky barrier build-up between the SWCNTs and the metal electrode. 44 They support the idea that the gas molecules in the junction region can change the metal work function and the Fermi level alignment. Therefore resistance uctuations upon heating or air exposure can be due to changes in the Schottky barriers of the metal-nanotube junctions, and not necessarily due to the doping/dedoping of the SWCNTs. In order to avoid resistance uctuations due to gas and water adsorption from air, aer the nal 400 C thermal treatment, all of the samples were exposed to air overnight to reach saturation and a constant resistance value. Blank in situ resistance measurements were performed on a series of samples in an oven at 100 C for 4 hours, the conditions needed for curing the polymer mixture. The results showed an average resistance increase of 3.1 fold before cooling (example in Fig. 6b ), most likely due to desorption of water and gasses from the lms upon heating. This value rapidly decreased as soon as the samples were taken out of the oven for cooling due to the readsorption of gasses and water at room temperature.
The same type of measurements were performed while adding only one component of the polymer mixture to separate any possible individual effects on the resistance of the SWCNT network. Measurements performed aer impregnating the lm with Epikote 828 alone for 4 hours at 100 C show an average resistance increase of 3.6 fold before cooling (example in Fig. 6d ), slightly higher than for the blank samples. Because Jeffamine D-230 is a volatile amine, measurements for the amine component alone were performed at room temperature, showing an average resistance increase of 4.9 fold. If we take into consideration the ratios of the blank samples, we can estimate a resistance increase of up to 15 fold aer amine impregnation upon heating at 100 C for 4 hours. Amines have been shown to have a n-type doping effect on SWCNTs 45, 46 and are expected to inuence the resistance of the SWCNT network to a certain degree, especially if the carbon nanotubes are p-type doped by the oxygen in air 42, 47 or other gas molecules.
When mixing the two components together and impregnating the SWCNT lm, the nal/initial resistance ratio aer curing the polymer for 4 hours at 100 C was 4.3 before cooling (example in Fig. 6c ). In order to obtain a 1 : 1 epoxy/amine ratio (based on an epoxy group/NH equivalent), the amine represents only 24.3 wt % of the epoxy/amine mixture. Therefore the resistance increase may be due not only to a cumulated effect of the two components, but also to the formation of a polymeric network during the curing process.
All of the samples coated with a polymer (epoxy resin alone or the epoxy/amine mixture) and heated at 100 C had a resistance increase of 1.15 fold aer cooling, due to the semiconductor behaviour of the SWCNTs. When the SWCNTs are covered in a polymer, they can no longer adsorb water and gasses when cooled in air. Each SWCNT lm prepared is unique and can have a slightly different thickness compared to others, so the question of whether or not the results of different experiments can be compared is important. In order to ensure the reproducibility of our experiments, we prepared SWCNT lms with thicknesses varying from 10 to 140 nm. Thickness measurements involve damaging the samples to measure the height proles across scratches in the lm, therefore SWCNT lms were prepared on large glass substrates which were subsequently cut into 2 cm Â 3.5 cm samples. Half of these were used for correlating the thickness with resistance and transmittance measurements, while the other half were used for polymer impregnation. The absorbance as a function of thickness curve shows a pseudo-linear dependency within the 10-140 nm thickness range (Fig. 7a ). This curve, along with the resistance vs. thickness (Fig. 7b ) curve, can be used to approximate the thicknesses of the SWCNT lms used for polymer impregnation.
In situ resistance measurements performed on lms of different thicknesses aer impregnating with the epoxy/amine mixture and curing the polymer for 4 hours at 100 C, show that there is no major difference in the nal/initial resistance ratios between 10 nm lms and 140 nm lms (Fig. 7c ). The average nal/initial resistance ratios (aer cooling) increase from 5 to 6 within this thickness range. This means that experiments performed on SWCNT lms of 20-40 nm thickness are comparable despite minor thickness variations. These results are similar to those of Noh et al. 48 who impregnated 12 mm thick multiwalled carbon nanotube (MWCNT) mats with cyclic butylene terephthalate (CBT), by compressing them with a heating press. The resistance of the MWCNT mats increased 2 to 9 fold (depending on the compression pressure) aer polymer addition. 
Conclusions
We have adapted and improved a preparation technique for SWCNT thin lms which represent our reference networks with good electrical properties. These lms were used to study the polymer matrix effect on an already existing SWCNT network during polymer impregnation. We developed an in situ resistance measurement technique that allowed us to have direct access to the conductive network during polymer impregnation, and also during the curing process of the polymer matrix. These measurements showed that polymer impregnation is not the only factor that can inuence the behaviour of the carbon nanotubes; they showed that different components of a polymer mixture can have different effects on the electrical properties of a SWCNT network aside from the formation of a polymeric network during the curing process. Blank measurements showed that air and temperature exposure can also affect the electrical behaviour of the carbon nanotubes, even without the addition of a polymer component. These results prove that in order to prepare an efficient composite material, it is important rst to understand the effects that any factor introduced in the preparation process can have on each of the components. Further studies will be performed in order to understand how the polymer impregnation process and the newly formed interfaces affect the electrical contacts between the carbon nanotubes. These studies will contribute to the improvement of future polymer composites efficiencies.
